Rolling circle replication is typically employed by certain viruses to replicate their circular genomes in nature 3 . Rolling circle amplification (RCA) has traditionally been used in the laboratory using specific primer sequences to replicate circular sequences for
the generation of tandem repeat libraries and as reporter constructs 1, 4 . Rolling-circle amplification has recently been employed using exonuclease resistant random hexamer primers and Φ29 DNA polymerase to generate large quantities of DNA from traditional vectors in an isothermal reaction by way of multiply-primed template and DNA strand displacement 2 . This method allows amplification of circular input DNA up to a reported 10,000-fold level. At the US Department of Energy (DOE) Joint Genome Institute (JGI)
we are interested in methods and approaches to expedite many of our DNA manipulation processes. Using a commercially available DNA sequencing template amplification kit (TempliPhi ™ , Amersham Biosciences), we have been able to utilize strand displacement DNA amplification and RCA for a number of important steps.
The first application of RCA technology to be used at the Production Genomics Facility (PGF) was to replace our existing plasmid DNA isolation methods 5, 6 . We began by optimizing RCA conditions for robust amplification and sequencing of plasmids and electrophoresis on capillary instruments including the MegaBACE 1000 ™ and the ABI 3700 ™ sequencers. We have found that having a uniform DNA template concentration significantly increases success rates for capillary sequencing. As shown in Figure 1A , amplification of plasmids from saturated bacterial glycerol stocks produces similar quantities of DNA in each well. The PGF has now completely transitioned from plasmid purification of overnight growths to strand displacement amplification for template generation. Other advantages of this technology include the complete elimination of labor intensive steps of bacterial lysis and DNA purification as well as streamlining of the production process from 10 steps down to 4. In addition, we were able to move this part of the process into 384 well format from the previously used 96 well approach, with prospect for even higher density and alternative formats. More importantly, the production results from this RCA approach have been extremely encouraging, yielding over 2.4 billion high quality raw bases since being phased into production. Over this time, average pass rates for this process have been 92% with read lengths greater than 600 bases per lane, allowing for a 75% increase in Phred 20 bases output per day compared to our original platform 5, 6 (Fig. 1B) .
We have demonstrated that this process also can be used to sequence plasmids carried by yeast cells. Plasmids (pGADT7) were transformed into yeast cells (Y187) for the purpose of a yeast two-hybrid assay (CLONTECH). Yeast cultures scoring positive in these assays usually must undergo days of growth and rather involved procedures for isolating plasmid DNA for sequencing. We have shown that a simple lysis procedure like that used for amplification of plasmids from E. coli also can be used for amplification and sequencing of plasmids from yeast colonies or cultures (data not shown).
A further application of the RCA process has been in the amplification of cosmids and bacterial artificial chromosomes (BACs) for end sequencing. This is an important step in our genomic sequencing strategy since knowing the sequence at the cosmid and BAC insert ends greatly improves the long range contiguity of sequence assemblies, especially in whole genome shotgun approaches 7, 8 9 . We wished to explore the use of RCA technology to improve the efficiency of this process.
To this end, we amplified four previously sequenced BACs directly from frozen glycerol stocks using strand displacement and random hexamer primed amplification (TempliPhi   TM   ) , and then used this DNA in our standard library construction methods.
While this process produced libraries that could be sequenced and used to assemble large inserts, the E. coli contamination was higher than that obtained with the traditional process. These results are in line with our end sequencing experiments, and were not totally unexpected since cosmids and BACs are very low copy number systems 11, 12 .
Additional experiments using specific vector primers are currently underway to overcome the E. coli bias.
Perhaps a more far reaching application of strand displacement amplification has been in the amplification of whole microbial genomes. Isolating DNA from microbes can be a laborious and low yielding process 13, 14 . Furthermore, greater than 90% of microbial species are thought to be non-culturable. With this in mind, we set out to not only amplify microbes of varying genome size from both purified DNA and cell suspensions, but also to use the product as template for PCR, direct sequencing, and shotgun library construction.
As little as 50 ng of genomic DNA from five different microbes ranging in size from 1 to 4.6 Mb was amplified with the TempliPhi TM kit ( Fig. 2A) . Figure 2B shows a dilution series performed on Xylella cell suspensions. As few as 1000 cells were amplified to produce DNA that was detectable on an agarose gel. Thus, small amounts of DNA or small numbers of cells may serve as template for the random hexamer strand displacement amplification process.
Next we wanted to test the usefulness of the RCA DNA we produced. RCA product from Xylella fastidiosa cells was successfully used as template for PCR using several dozen primer pairs spread randomly throughout the Xylella genome. Amplicon sizes of 1 kb to 4 kb were produced as expected when compared to the control amplicons produced from Xylella genomic DNA PCR (data not shown). The same RCA product used for PCR was also successfully directly sequenced using several Xylella fastidiosa specific primers (data not shown). In addition, the RCA produced Xylella fastidiosa
DNA was sheared, blunt ended, size selected and ligated into a standard pUC18 cloning vector (Fig. 2C) . A sample of colonies were PCR amplified for quality control of size and insert ratio demonstrating that ~ 96% of the colonies contained insert and that all inserts gave the expected 2.5-4 kb product (Fig 2C) . The use of random hexamer primed isothermal strand displacement amplification using Phi29 DNA polymerase offers many advantages over traditional techniques in a variety of molecular biology applications. We have taken advantage of commercially available reagents (TempliPhi   TM   ) to increase the efficiency of the production sequencing process at the US DOE Joint Genome Institute. The plasmid amplification method has significant advantages over traditional template generation by greatly simplifying the process and will be a benefit for genome centers as well as core labs, service centers and academic researchers that isolate and sequence from a variety of vectors. This approach has few steps, can be highly automated and is already giving excellent results at our production genomics facility. The amplification of large clones for DNA sequencing and library construction using RCA also has significant process advantages. We think that the implementation of this approach will simplify large insert clone end sequencing, leading to reduced costs and increased use in conjunction with whole genome shotgun approaches. Its use in library construction will also lend significant advantages that we see leading to the automation of this part of the process.
The final and perhaps the most interesting application is the amplification of microbial genomic DNA. It is estimated that greater than 90% of all microbes are non culturable and many live in communities which are not easily separated. The use of Phi29 DNA polymerase and random hexamer primed isothermal strand displacement amplification as described here demonstrates that microbial DNA ranging up to 4.6 Mb in size can be easily amplified leading to a product that can be used for PCR, direct sequencing with specific primers, and random whole genome shotgun construction and sequencing. Eliminating the need for growing an organism in culture to obtain its genomic sequence opens the door to countless new genes. It is clear that this technology offers many advantages and process improvements to the genome sequencing community. 
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